Abstract-The James Webb Space Telescope (JWST)',' mission will launch a 6-meter class infrared telescope to L2 in 2010 to study the earliest stars and galaxies formed after the "Big Bang." JWST has been designated as the highest priority mission in space astronomy by the National Academy of Sciences. As the JWST Project moves fiom conceptual stage through the formulation, design, and development phases and into the operational phase, the risk management emphasis and philosophy will also change. During the formulation phase, the JWST Project has exercised a top-down risk mitigation philosophy which has greatly reduced mission risk by investing significantly in a number of key technologies required for the observatory, including cryogenic and deployable lightweight mirrors, precision actuators, infrared detectors and techniques for Wavefront sensing and control. As the project moves into implementation phase, we have initiated the use of a more formal, bottom-up risk management methodology. This Management approaches which have been devised to address communicating and managing risks across a large, diverse, and multi-level organization.
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INTRODUCTION
Even with its new instruments, the observations of the Hubble Space Telescope (HST) are limited to "adolescent" objects. The younger objects from the first billion years &er the "Big Bang," the period when galaxies were formed, are receding from Earth at a fast rate and are red-shifted into the near infrared (past 2 microns) where HST loses sensitivity.
To peer into this period of the evolution of the universe, NASA will develop, launch, and operate a state-of-the-art space-based observatory as a follow-on mission to HST. This telescope will allow scientists to see the first generations of stars. This observatory, with its large, lightgathering mirror, will have superb resolution, capable of detecting faint signals. This observatory is named the James Webb Space Telescope (JWST) after NASA's second administrator, a man of great vision.
A preliminary concept for JWST is shown in Figure 1. ' U.S. Government work not protected by US. copyright ' IEEEAC Paper No. 1292
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Figure 1 -JWST Preliminary Concept
Technological Challenge
In order to achieve its objectives, JWST will require several new technologies:
To observe in infixed wavelength, a tennis court-sized deployable sunshield will be developed to allow the telescope to cool down to cryogenic temperature.
Compared to HST, JWST will fly a significantly larger mirror, which will also be considerably lighter and foldable to allow the observatory to be compatible with the volume and lift capability of existing launch vehicles.
The mirror figure will be adjustable on orbit to correct for the residual errors after mirror deployment and errors introduced due to variations in the thermal environment during operation.
Wavefront Sensing and Control (WFS&C) algorithms will be developed to sense the errors in mirror shape and determine the solution that fvres the error.
Cryogenic mechanisms with extremely fine position control (-10 nm step size) will be required for primary mirror segment figure control.
New focal plane technology will be required to enable the development of high-sensitivity, large-format instruments that, together with the large, lowtemperature optical telescope, will provide the capability necessary to complete the science mission.
Required characteristics of the detector systems include low-noise near-and mid-infiared detectors, Application Specific Integrated Circuit (ASIC) and ultra-low background detector evaluation facilities.
A programmable aperture mask using Micro ElectroMechanical Systems (MEMS) will be required to improve the observation efficiency of the telescope so it can complete its mission within its the design lifetime. E M S will significantly enhance the capability of the Near-Infrared Spectrometer (NIRSpec) to measure many hundreds of spectra per observation and provide a high degree of parallelism to significantly enhance operability and robustness
Organizational Challenge
Numerous organizations will take part in the development of this observatory. NASA, Goddard Space Flight Center (GSFC) is in charge of the overall mission. TRW, as the prime contractor for this endeavor, is responsible for building the Optical Telescope Element and the spacecraft and is responsible for system level integration and testing of the Observatory. The University of Arizona, teaming with Lockheed Martin, is to develop the Near Infrared Camera (NIRCam), one of the scientific instruments. The European Space Agency (ESA), teaming with European industry, is to develop Near-Mared Spectrometer and make significant contribution to the development of the Mid-Infixed Instrument (MIRI). ESA is also to make a yet-to-bedetermined contribution towards a non-instrument aspect of the observatory. The Canadian Space Agency is to develop the Fine Guidance Sensors for the observatory pointing control. Space Telescope Science Institute is responsible for developing the ground system for flight operations.
Coordination between all national and international organizations and developing and maintaining proper interfaces between them poses a formidable challenge to project management and the systems engineering group.
At the time of this writing, JWST is at the end of the formulation phase and is in the process of entering the implementation phase. Accordingly, this paper is divided into two parts. The fmt part describes risk management activities employed during formulation phase where specific risks have been identified, mitigation plans have been defined, and resources have been committed to mitigate these risks. The second part of this paper discusses the activities undertaken by the project to prepare for the classical risk mitigation process for identifying, analyzing and tracking risks during implementation phases. No specific risks are discussed in the second part of this paper.
RISK MANAGEMENT IN FORMULATION PHASE
Risk management during the early (formulation) phase of this project is driven fiom a top-down perspective where a "Risk Watch List" dictates risk mitigation activities for the project. Some examples of the top-down risks include:
Available funding profile may not match schedule needs System complexity, number and variety of partners, and interfaces. in a highly interdependent cross-coupled system Conducting cost to benefit trades of the observatory architecture and design requirements.
Establishing and maintaining appropriate technical, cost, and schedule margin requirements to guide the design of the observatory during the detailed design phase. Due to their level of expertise and the fact that solutions are architecture-dependent, the contractor is developing deployable systems and the sunshield. This also makes optimal use of the independent research and development (IR&D) investment.
Detectors and MEMS are being developed within government programs in order to most efficiently fund multiple vendors and provide detectors to all the science instruments.
To further reduce the risk of the technology development program, multiple teams are chartered to develop the same technology. This competitive environment also increases the chances for a superior technology to emerge.
The multiple development approach for JWST technologies is described below.
Architecture Studies-Two leading aerospace companies, (Lockheed Martin and TRW) were chosen through competitive selection to conduct Phase-A studies and develop independent architectures for JWST. Preliminary concepts developed by the two teams are shown in Figures 3  and 4 . The TRW concept has now been selected to be carried through the detailed design and development phase. Advanced Mirror Systems Demonstrator (AMSD) program chartered three vendors to develop lightweight mirrors that will meet the requirements for this mission. Clear objectives and test demonstration requirements have been laid out for all three vendors so that a final selection of the flight mirrors can be made objectively.
Infrared Detectors-The detector development program has selected two vendors to develop detectors that could meet JWST requirements. Each vendor is also producing detailed costing studies so that all parameters affecting detector costs can be clearly understood before selecting the detector for the Observatory.
MEMS-Three teams had been competing to develop the programmable aperture mask for the observatory using MEMS technology. The three teams investigated two different MEMS technologies, micro-shutters and micro mirrors, for this application. As of this writing, the project has already selected the team that will develop the flight MEMS with micro-shutter technology.
WFS&C-A government sponsored team, led by the Jet Propulsion Laboratory (JPL), as well as the two Phase-A study teams, TRW and Lockheed, had been independently developing this technology. During Phase B, TRW has been selected as the sole Phase B/C/D prime contractor leaving two teams to continue this work. NASA will soon make the decision on whether to continue the dual development or combine the resources as a single concentrated effort to mature this technology to a flightworthy level.
Science Instruments-JWST international partners have also embarked on a similar risk management approach for developing their instruments by chartering two different contractors to conduct four feasibility studies for NIRSpec, the recipient of MEMS technology. There are four funded confgurations -two MEMS solutions and two non-MEMS solutions.
All major enabling technologies for the JWST mission have been demonstrated at the brass board level. Detailed development plans with intermediate, measurable milestones are in process towards the production of flight prototypes by the Non Advocate Review, the gateway review before initiating the implementation phase.
Cost-to-BeneJt Trade Studies
As the results of Phase-A studies and technology development activities provided insight into the challenges ahead, the JWST project conducted trade studies to evaluate design requirements against risk, cost, and schedule. The project concluded that some requirements could be relaxed to gain considerable risk margins. Some examples of rescope of requirements are listed below:
Primary Mirror Size-Reducing the primary mirror size fiom an 8-meter class to a 6-meter class reduced the schedule risk for constructing, grinding and polishing the mirror.
Mirror thickness-Weight savings from reduction in mirror diameter was invested in increasing the mirror areal density fiom 15 kg/m2 to 20 kg/m2. A sturdier mirror will reduce gravity effects during ground processing, greatly enhancing ground testability. A thicker mirror will also increase the opto-thermal stability of the mirror against fluctuations of the on-orbit environment, reducing the frequency of adjustment to the mirror shape during on orbit operation.
Minimum Design Mmgins
System design options for JWST are required to show appropriate margins for all critical 'resources allocated to each subsystem, as defined below: Power>30% Mass >30%
Cost >35% Contingency Thermal > 50% (parasitic load capability) Schedule > 1 month/year of the implementation phase These margins will minimize the impact of unpredictable problems that may arise during the course of the project.
RISK MANAGEMENT IN PHASE B AND BEYOND
With the initiation of the detailed design and implementation phase, a more formal and structured risk management process is necessary.
This requires establishing the Risk Management Board, developing a formal risk management plan, and developing or procuring a risk management tool that allows us to proactively and effectively communicate and manage risks across a large, diverse, and multi-level organization.
Risk Management Tool
A tiger team was established to prepare a Continuous Risk Management (CRM) Plan, perform a requirements defmition for the risk management tool, develop the required tools, and train project personnel in risk management and use of the tool.
The tiger team established the following requirements for the risk management process and for the tools to facilitate this process:
Information must be internally consistent and changes must be tracked effectively.
Adequate information must be available for each risk such that an individual not directly connected with its original formulation can gain sufficient understanding of its origin and consequences so as to be able to participate in its resolution.
Risk information is secure fiom unauthorized alteration, damage or loss, and from exposure to unauthorized individuals.
Data elements that are subject to be modified by particular individuals must be clear.
Reports are consistent, self-explanatory, and tailored to the needs of the users.
Risk information is accessible to all stakeholders through a web interface.
Data entry of new information is easy and straightforward, with an easy-to-learn user interface.
Status of a risk at any point in time must be unambiguous.
Priority information must be directly connected to the other risk elements.
To assist in the Risk Management Tool (RMT) development phase, the risk team evaluated other risk management databases used at GSFC and across other NASA facilities, as well as commercially available tools. No single system met all the requirements listed above, so it was decided that the most advantageous approach was to select the best features from many of the systems studied and implement them into our own system, taking advantage of the JWST web site with existing functional applications, such as security, e-mail notifications, and other aspects that were also required. Other advantages of building a custom Risk Management module for our internal website included a smaller learning curve, accessibility, programmability, timeliness of development, and the ability to provide users with an intuitive tool that could be upgraded as required to meet future needs.
A fblly functional risk management tool was up and running within three months. The RMT has been designed and implemented so that all users of the system can gain familiarity with it, and trust its contents and integrity in a short initial period of use. The Risk Database, to be used effectively, must play the role of a simple, transparent utility to all users including the front-line workers and management.
RMT Characteristics-the user interface screens shown in Figures 5 and 6 best describe key characteristics and capabilities of the RMT. The RMT is a web-based tool for capturing, recording, and distributing information about risks. Each risk is automatically assigned a unique identifier and stored in a common database. Risks are classified according to their selected likelihood, cost impact, schedule impact and technical impact. The tool computes a risk exposure level from these inputs. Users can add, edit, view, select, and list risks. They can also get tabular, metric, and graphical reports. In determining the risk exposure level, the tool provides clear guidelines on how to categorize the cost, schedule and technical impacts.
Since the RMT is an integral part of the JWST internal web site, access to risk-related information can be easily controlled using the access control mechanism of this web site. In this mechanism, each user is assigned to a specific user class and each user class has a pre-defined authority to access the types of information. This way, if necessary, proprietary data or sensitive financial data is viewable by only those users authorized to see it.
Risk Management Mechanics
When a risk is submitted, it is automatically given a status of "New". The submitter is required to identify (fi-om a 'pick list') the group that in the submitter's judgment needs to address the risk. While the status is "New", the Originator, Submitter, Responsible Group Lead, and Responsible Group Risk Coordinator can view and edit the risk. When someone other than the Originator or Submitter edits the risk, the status is changed to "Open". Once the status is "Open", only the Group Lead, Group Risk Coordinator, and the Assignee can make changes to the risk. The system will notify the Submitter, Lead, and the Risk Coordinator if the responsible parties have not viewed the "New" risk within seven calendar days of being submitted.
The Group Lead (or Coordinator) is then responsible for determining whether their group is the appropriate one to address the submitted risk and if so, assigning the risk to an individual w i t h that group. The system will notify the "assignee" that a risk has been assigned. The Assignee, Group Lead, or Coordinator evaluates the risk and ranks it according to Likelihood, Technical, Cost, and Schedule consequences. The Group Lead or a subsystedcomponent manager within that group is then held responsible to assess, mitigate, and track the risks within their control.
If necessary, the Group Lead or coordinator can reassign the "New" risk to another group that is more appropriate to deal with the submitted risk. The coordinator of the new group will receive e-mail notification of that action. Once the risk has been reassigned the old Group Lead cannot make any changes to the risk.
After the initial definitions are set in place, the process of working the risk is set in motion. Analyses and progress are documented in the W. Project Managers can monitor the changing status of any risk using this on-line system.
Organizational Structure for Risk Management
The project organization has been structured to be conducive to CRM for the remaining program phases. Key aspects of the organization are described below. The RME3 consists of the Deputy Project Manager, the Deputy Project Manager for Resources, the senior Project Scientist, senior managers representing major elements of the observatory, representatives fi-om international partners, the Risk Coordinator, System Assurance Manager, and the Chief Systems Engineer. The Project Manager serves as an ex-o@cio member of the RMB and has final authority on risk management aspects.
The RMB has oversight responsibility for the entire risk process. The board reviews risk identification and analysis data, as well as action plans. The board conducts the risk control function by which they review the present allocation of resources to risk action activities and consider whether to change that allocation as a function of time.
The Risk Coordinator supports the RME3 by ensuring that the overall risk process continues smoothly and that all required data are collected and placed in the database in a timely manner. The Risk Coordinator also provides all levels of training. Some of the responsibilities of the Risk Coordinator include: The members of individual teams provide the expertise for identifying and assessing individual risks as they are initiated and moved through the system. The critical expertise for risk identification, analysis, and action planning lies with the JWST team as a whole and Responsible for training project users each individual team member operating within their specific discipline and local team afiliation(s). Risks are identified first at the team level and it is at this level that the best estimates of probability of occurrence and impact can be determined. It is the members of the team who will have the detailed context knowledge to be able to suggest risk mitigations or other forms of addressing specific risks.
Each team has the flexibility to organize its risk management activities as it chooses. However, for purposes of standard communication outside the individual teams, the use of common rating scales for probability and impact, and the use of the Project Risk Database to document the risks, is required.
The Systems Engineering Team (SET) plays a critical role in our risk management. The SET is responsible for:
Maintaining the configured requirements for the Project.
Performing trade studies of alternate technologies and their associated performance parameters.
Providing discipline engineers to assist in the review, interpretation, and detailed planning for risk mitigations.
Planning and managing reserves at the System, Segment, and Subsystem level for mass, power, volume, and other parameters.
Assigning a lead Systems Engineer to each Segment and Element (and also lower level subsystems as required).
CONCLUSIONS
The JWST project is in the process of transitioning from formulation phase to the implementation phase. A top-down risk management process during the formulation phase has successfully reduced the risks associated with developing the technologies necessary to achieve the scientific goals of this mission. Several steps have been undertaken in preparation for the detail design and implementation phases of the mission. An organizational structure has been put in place that will allow easy communication between all partners and properly manage all technical and management interfaces. Clear roles and responsibilities have been defined for aggressive risk management at all levels within the project.
In preparation for the detailed design and development phases of the project, a formal risk management process has been established that allows a bottom-up approach to risk management. A webbased Risk Management Tool has been developed that will allow all U.S. and international partners to communicate risk information in a consistent and timely manner. The project team has received formal training in risk management and the utilization of the Rh4T.
The project is now ready with a comprehensive set of risk management capabilities to take on the challenges ahead during the design, implementation and eventually operational phases of this remarkable scientific mission. 
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